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Abstract
This paper presents an approach to personal carbon allowance trading with RFID tags or barcodes. It introduces RFID tags
as certiﬁcates for the rights to claim carbon allowances so that it enables buyers, including end-consumers, that buy products
or services with carbon allowances to hold and claim these allowances. It also supports the simple intuitive trading of carbon
allowances by trading RFID tags coupled to the allowances. The approach was constructed and evaluated with real customers and
real carbon allowances in a real supply chain. It can also be used to encourage industries and homes to reduce greenhouse gas
emissions.
c© 2014 The Authors. Published by Elsevier B.V.
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1. Introduction
The reduction of greenhouse gases (GHGs), including carbon dioxide (CO2 ), is one of the most important issues
in the global world. There have been many approaches to reducing the amount of GHG emissions. In most advanced
countries the amount of GHG emissions from the industrial sector has decreased or leveled oﬀ, but that from the home
or end user sector has tended to increase. For example, this is 43 % of the national fossil fuel emissions in the U.S.A.,
42 % in U.K., both countries have increased. The reduction of GHG emissions from home sector is a problem that we
have to face.
To solve this, several countries, e.g., the U.K. and Ireland, have proposed schemes for carbon emission trading
in the home/end user sector to Conferences of the Parties (COP) of the United Nations Framework Convention on
Climate Change (UNFCCC). Personal Carbon Trading (PCT) is a general term referring to personal versions of
carbon emission trading in the home/end user sector. The original notion of Carbon emissions allowances is an
economical approach to reducing the amount of GHG emissions in industrial sector. The allowances are limits, often
called carbon emission caps, where a government authority ﬁrst sets limits on the amount of CO2 that companies are
allowed to emit. If a company emits an amount of CO2 below its limit, it can sell the excess capacity, which is the
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diﬀerence between the limit and the amount of CO2 that has really emitted, as carbon allowances to companies whose
emissions are over their limits. If a company emits an amount of CO2 beyond its limit, it must pay a penalty or buy
carbon allowances from someone so that it can comply with its allowances.
On the other hand, PCTs support carbon emissions allowances allocated to individuals rather than companies. If
individuals emit at a level above that permitted by their initial allocation, they need to purchase additional carbon
emission allowances from those using less, creating a proﬁt for those individuals who emit at levels below those
permitted by their initial allocation.
Several approaches to PCT have been proposed, e.g., Cap-and-Share3, Tradable Energy Quotas (TEQs)4, Tradable
Consumption Quota1, and Personal Carbon Allowances (PCA)5, Although the concept of PCT was expected to reduce
the GHG emissions from homes and individual sectors, existing PCT have several serious problems that must be
solved before applying schemes can be applied to the real world.
Since existing PCT has aimed at reducing GHGs emitted from energy, i.e., their spending electric power from
thermal power plants and refuelling their private cars, they have mismatches with existing carbon emission trading
and carbon emission reduction schemes in companies, although reducing GHG emissions is a global issue. For
example, suppose that a supermarket sells beverages or mineral water from room temperature shelves in addition
to refrigerated shelves to reduce the amount of GHGs emitted from electricity for the latter and to obtain surplus
carbon emission allowances. When customers intentionally select and buy beverages or mineral water from normal
temperature shelves, they should share the surplus allowances with the supermarket.
Nevertheless, there is no way to share surplus allowances with supermarkets in existing carbon emission trading
schemes, including PCT. Furthermore, the existing PCT does not encourage customers to buy products where the
GHGs emitted from their manufacture and sale are reduced. As a result, customers may face a moral hazard in the
sense that they intend to select and buy products according to the amount of GHG emitted in the use of the products
rather than in their manufacture and sale. This paper proposes a low-cost approach for PCT based on an approach
to enabling individuals, including end consumers, to receive carbon allowances from companies through their buying
products or services and sells or pay the allowances to others or the governments. The approach aims at enabling
a small amount of allowances attached to products to be transferred to end consumers who buy these products and
carbon allowances to be easily traded. The approach was constructed and evaluated with real allowances in a real
supply-chain system.
2. Background
The notion of carbon emission allowances has been useful in existing schemes such as the European Union (EU)
Emissions Trading Scheme (EUETS) for EU countries or similar schemes elsewhere2. Several researchers and orga-
nizations have proposed diﬀerent kinds of PCT in the last ﬁve to ten years.
• Cap and Share was originally developed by the Foundation for the Economics of Sustainability (Feasta)3 and
supported the use of fossil fuels. Individuals received certiﬁcates from the government and fuel suppliers
required corresponding certiﬁcates equal to emissions from the use of fossil fuels to sell fuel.
• Personal allowance (PCA) was proposed by Hillman5 and it was a proposed downstream carbon cap and trade
policy instrument suggested for the U.K. There represented a mandatory policy whereby all individuals received
an annual carbon emissions budget for their personal use. The PCA scheme only covered emissions under direct
personal control, e.g., household energy use (electricity and gas) and private transport (not including public
transport).
• Tradable Energy Quotas (TEQs)4 assumed that individuals would receive certiﬁcates and if they used fewer
certiﬁcates, they could sell their surplus. All fuels and electricity had carbon ratings in units. When individual
buy energy, their certiﬁcates are deducted according to the amount of CO2 emitted from the use of that energy.
• Household carbon trading6 was a yearly carbon emission cap to set for residential energy use based on emissions
reduction targets. Allowances are allocated to each household on an equal per household allocation basis via
utility service providers who place the allowances in each user’s account.
• Tradable transport carbon permit7 was a cap that was set for emissions from private transport. Allowances were
allocated to all individuals to comply for free, but these were not any equal basis. Allowances are transferred to
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the regulating authority for every purchase of fuel to cover the CO2 equivalent of a liter of fuel and cancelled.
Participants bought and sold permits through intermediates like banks or buy them at gas stations.
Most existing PCT schemes only support CO2 emissions from personal energy use, e.g., electricity and fuels. They do
not include carbon embedded in products and services purchased by individuals. All products must deﬁne their own
carbon rating. However, this is not realistic to determine all carbon embedded in products. Our approach introduces
a paradoxical approach to solve this problem, which enables all products to have carbon allowances like gifts. If
manufacturers or retailers emit less CO2 than their carbon allowances by EUETS or similar schemes, the approach
enables them to assign pieces of their surplus to their own products or services. There have been several commercial
and non-commercial systems for carbon emission allowances for companies, e.g., EUETS. Several PCT variants have
been assumed to use smart cards for individuals to store certiﬁcates received from governments, but they have only
been at conceptual levels without any practical implementations. However, no existing projects use RFID tags as
certiﬁcates for carbon allowances except ours.
We recently proposed another carbon emission trading approach with RFID tags8, but the previous approach was
designed for trading carbon emission credits rather than carbon emission allowances through a supply chain, as in
business-to-business (B2B) and assumed that RFID tags were attached to returnable containers or packages for logis-
tics.
3. Problem statements
Our ﬁnal goal was to enable PCT to be economically fair and sustainable. The approach proposed in this paper can
solve the three main problems in existing carbon emission trading, including PCT.
• Support for non-fuel Existing PCT schemes address CO2 emissions from individuals emitted from consuming
fossil fuels but not by organizations. Individuals buy and consume something, e.g., foods, clothes, books,
appliances, and services, from retailers. The amounts of CO2 emission in manufacture and sales providing
these items are huge. However, it is costly to cover products and services like conventional fuels in existing
PCT schemes. One of our main contributions is to support the reduction of CO2 emissions by including products
and services in existing PCT schemes.
• Contradictions in carbon emission trading When a company sells extra allowances, i.e., diﬀerences between
the limits and the amounts of CO2 that have really been emitted through carbon emission trading, its customers
may be inconvenienced or disadvantaged due to these reduced CO2 emissions. For example, the simplifying
the wrapping for products can reduce CO2 emitted from making wrapping materials for wrappings, but some
end consumers may be inconvenienced by having to carry and store the products. Therefore, it should return
some of the extra allowances to the customers for reasons of economic fairness. If companies obtain carbon
emission allowances by reducing their CO2 emissions by disadvantaging or inconveniencing on their customers,
including end end consumers, they should share the extra allowances with their customers.
• Mismatches between personal- and company-level carbon emission trading As we previously discussed, ex-
isting PCT schemes were designed to allocate limited allowances of personal carbon emissions to individuals
that were to be surrendered when they undertook activities that caused emissions, e.g., buying electric power or
refuelling cars. They did not encourage individuals to buy low-CO2 products in the sense that the amounts of
CO2 emissions in manufacturing them were reduced. However, the amounts of CO2 emissions in the processes
of manufacturing products tend to be ten times that in the use of the products. We believe that PCT needs to
commit to reducing CO2 emissions from the manufacture of products. Our ﬁnal goal was to propose an ap-
proach for individuals to select and buy products with fewer CO2 emissions from their manufacturing processes
in existing PCT schemes.
• Support to end consumers Carbon allowances can already be traded through e-commerce, but existing trad-
ing systems have been designed of professional traders, called carbon providers or carbon agencies. Since
allowances are virtual values, it is too diﬃcult and complicated to authenticate whether the stakeholders that
claim the allowances are the allowances’ current owners or their certiﬁcating agents. Therefore, it almost im-
possible for end consumers, small companies, or NPOs/NGOs to sell or buy allowances.
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• Small amount trading The minimal units of existing trading allowances are more than one hundred or one
thousand tonnes of CO2 . However, the amount of CO2 an average person emits throughout his/her life for
one year is less than one tonne. Each end consumer product should have less than one kilogram of allowances.
However, there are currently no approaches to trading small amount of carbon allowances, e.g., one gram or
one kilogram.
We address the supply chain, which is one of the most typical activities in the real world and add the ﬂow of allowances
to the supply chain (Fig. 1). Also, the ﬂow of products or services in a supply chain is useful to return allowances
generated from them.
Component
factory
Assembly
factory
wholesaler Retailer End-
consumer
Product
RFID
Product
RFID
Product
RFID
Product
Carbon credit Carbon credit Carbon credit Carbon credit
RFID
Fig. 1. Supply chain with credits for carbon oﬀsets
4. Small Amount Carbon Allowances
This paper proposes an approach for enabling carbon allowances attached to products or services to be transferred
to consumers who buy these products or products. Our approach introduces RFID tags (or barcodes) as allowances
for the rights to claim allowances, because RFID tags (or barcodes) are used in supply chains. In fact, our approach
can use the RFID tags (or barcodes) that have already been attached to products for supply chain management. The
approach was designed as a complement to existing supply management systems. It therefore has nothing to do
with the commerce of products themselves. It also leave the transfer of allowances between companies with existing
carbon trading systems, because commerce for allowances must be processed by certiﬁcated organizations. Instead,
the approach is responsible for attaching carbon allowances to RFID tags and claims for carbon allowances. The
approach should support emission allowances and caps in a uniﬁed manner. It also should not distinguish between
products for end consumer and others, because non end consumers may buy products for end consumers.
4.1. RFID tags/barcodes as certiﬁcates to claim carbon allowances
The basic idea behind our approach is to use RFID tags themselves, rather than their identiﬁers, as certiﬁcates for
allowances. To claim allowances dominated by RFID tags, we need to return these RFID tags to the stakeholders that
assigned allowances to the tags. This is because there is at most one RFID tag whose identiﬁer is the same. RFID tags
can be used as certiﬁcates for allowances. For example, when sellers want to attach carbon oﬀsetting allowances to
products, they place RFID tags on them that represent the allowances for the products. Our approach couples carbon
allowances with RFID tags themselves, instead of the identiﬁers of the RFID tags. Therefore, purchasers, who buy
the products, tear the RFID tags from them and return the tags to the sellers (or the stakeholders of the allowances).
When the sellers receive the RFID tags from the purchasers, they transfer the allowances to any accounts for payments
that the purchasers specify. It is diﬃcult to replicate or counterfeit RFID tags whose identiﬁers are the same, because
their identiﬁers are unique and embedded into them on the level of semiconductors. That is, we can assume that one
identiﬁer will always be held in at most one RFID tag.
Figure 2 explains our approach to attach carbon allowances to products with RFID tags, which involves seven steps
1. A seller places an RFID tag on a product (or a volume of products) if the product has no tag.
2. It sets a certain amount of allowances for oﬀsets for a product and registers the amount and the identiﬁer of the
tag in a database.
3. It sells the product with the RFID tag to a purchaser.
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Fig. 2. RFID-based attachment of allowances to products
4. The purchaser tears the tag from the product that it has bought.
5. It only returns the tag with information about the account that the allowance should be paid to, to the seller.
6. The seller receives the tag and then ﬁnds the amount of allowances coupled to the tag in the database.
7. It transfers the amount to the account speciﬁed by the purchaser and removes information on the identiﬁer from
the database so that the tag can be reused.
4.2. Carbon allowance trading with RFID tags
When a purchaser has peeked an RFID tag from a product, which might have been attached to a product that he/she
purchased, our approach permits the purchaser to resell the tag to others (Figure 3). Instead, the new holder of the tag
can claim the allowances attached to the tag from the stakeholder of these allowances or resell them to someone else.
Note that trading RFID tags corresponds to trading allowances.
To oﬀset GHG emissions according to the Kyoto protocol, we must donate certiﬁed allowances to the government
via a complicated electronic commerce system. Our approach provides two approaches to carbon oﬀsetting. The ﬁrst
is to simply donate RFID tags coupled to certiﬁed allowances to the government. For example, people can simply
throw RFID (unsigned) tags into mailboxes to contribute to reducing GHG emissions in their home countries. The
government then gathers the posted tags. The second is to explicitly specify the certiﬁcated cancellation account of
the government as the account that the allowances should be paid into.
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Fig. 3. RFID-enabled trading of allowances
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4.3. Support for barcodes
As previously mentioned, our approach allows RFID tags to be returned and reused carbon allowances with tags
to be claimed. As a result, the cost of RFID tags may be negligible, because this can be reduced according to the
numbers of reuses. However, barcodes are used in more supply chains than RFID tags, because RFID tags are typically
more expensive than barcodes. Our approach can be used to replace RFID tags with barcodes whose identiﬁers are
unique. The use of barcodes results in some limitations that RFID tags do not have because of the diﬀerences between
barcodes and RFID tags. Barcodes can be smoothly replicated or counterfeited, whereas RFID tags cannot be easily
counterfeited. Nevertheless, if we assign a small amount of carbon allowances to products via barcodes, the damage
to counterfeited barcodes may be negligible.
5. PCT for Carbon trading
Our approach assumes that sellers at steps in a supply chain will sell their products to customers, including raw ma-
terials and components, with RFID tags coupled to allowances. Anyone can access information about the allowances
attached to the products, because the allowances are transferred to purchasers who return the tags themselves to the
sellers. The sellers should provide information about the allowances, e.g., their amounts, expiration dates, and sources.
This approach provides web-based agents, called carbon allowance agents, to enable customers to access the infor-
mation. The agents are running as programmable entities on web servers speciﬁed at URLs in RFID tags or barcodes
and can be extended with the ability of artiﬁcial or ambient intelligence. When customers can read RFID tags or
barcodes with web-enabled terminals, they see information on the allowances attached to the tags or barcodes.
• Our approach requires each RFID tag to have its own unique read-only identiﬁer. Most RFID tags used in
supply chain management already have such identiﬁers.
• To support carbon oﬀsets, the amount of allowances attached to a product need to be equivalent to the total or
partial amount of CO2 emissions resulting from the use or disposal of the products.1
Some readers may worry that returning RFID tags to their stakeholders is more costly than returning the identiﬁers of
tags via a network. There are two ﬂows that are opposite to each other between sellers and purchasers at each stage
in real supply chains; the ﬂows of products and the ﬂows of receipts or containers for the products. Our approach can
directly use the latter ﬂow to return tags from purchasers to sellers. Therefore, our cost and extra CO2 emissions are
small. Actually, returnable containers, which deliver parts or components from sellers and then return them to sellers,
are widely used in real supply chains.
• Each seller has at least one allowance account entrusted to agents for allowance accounts. It has RFID tag
reader systems to read the identiﬁers of RFID tags. If a seller consigns one or more RFID agents to manage
RFID tags for carbon allowances, they need a database to maintain which RFID agent will manage each of the
RFID tags.
• Each purchaser may have at least one allowance account entrusted to agents for allowance accounts. It buys
products that RFID tags have attached to them for allowances from sellers or traders. It needs RFID tag reader
systems, when it intends to access information about allowances.
• Agents for allowance accounts, simply called carbon account agents, may be existing certiﬁed carbon providers.
They have two databases. The ﬁrst maintains allowance accounts and the second maintains information about
assigned allowances. They can only be connected to certain RFID agents and other account agents through
authenticated and encrypted communications.
• An RFID agent has a database to couple the identiﬁers of RFID tags and information about allowances. The
agent may lease RFID tags, which may already have been assigned a certain amount of allowances to sellers.
1 This approach itself is intended to leave the amount of allowances attached to a product at the stakeholder’s discretion, because the allowances
can be an incentive to sell the product.
671 Ichiro Satoh /  Procedia Computer Science  32 ( 2014 )  665 – 672 
1st showcase for beverage with carbon allowances
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Fig. 4. Carbon-oﬀsetting Beverage and claiming counters in supermarket
6. Experiences
The experiment was an early case study on the proposed approach between a retailer and real end consumers. The
former is a supermarket (Kitasuna branch of Ito-yokadou)2. It was carried out for two weeks from 9 am to 10 pm and
more than ﬁve thousand goods were sold with carbon Figure 5 shows beverage cans with barcodes in a showcase at
the supermarket. End consumers bought cans and collected RFID tag or barcode seals as carbon allowances. In the
experiment, we provided the supermarket with RFID tag or barcode seals that had 500 g weights of carbon allowances
and attached seals on twenty-one kinds of cans. In this experiment, the allowances are called Japan Veriﬁed Emission
Reduction (J-VER), where J-VER credits, which were generated from thinning forest and were traded on the domestic
market and managed by the Forestry Agency.
RFID-tag/barcode seal for 
carbon allowance
Fig. 5. Beverage with RFID tag or barcode for carbon credits
The goal of the experiment is to verify the availability of the proposed scheme in a real retailer with real customers.
The experiment was operated as follows:
• The supermarket attached a RFID tag or barcode seal on the cans and sold them to end consumers, where each
seal displayed small amount of its carbon allowances.
• The customers bought cans with RFID tag or barcode seals like other items.
• They peeled the seals from the cans that they bought, where the seals could easily be unattached from products
by them.
2 The supermarket is one of the biggest in Tokyo area.
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• After they collected more seals than a speciﬁed number (two seals in the experiments), they attached the seals
on certain mount papers and return the seals on the mounts to a service counter of the supermarket.
• The supermarket enabled end consumers that have seals to open their own carbon allowance accounts if they
did not have the accounts.
• It asked the end consumers about the identiﬁers of their carbon accounts. The supermarket read the identiﬁers
of the seals and then transferred the carbon allowances to the accounts.
• They see the balances of their carbon account through a web site for carbon account management.
The supermarket sold 5320 cans, where the sales volumes of cans with carbon allowances in two weeks was three times
more than usual at the supermarket. Thirty-ﬁve percent of RFID tags or barcodes were returned to the supermarket by
customers who claimed the allowances. The experiment enabled consumers to deposit the carbon allowances attached
to cans to their carbon accounts.
There were many lessons learned from the experiment. Most problems in the experiment were not technical.
For example, many consumers asked us about the notion of carbon allowances so that we spent a lot of time to
dealing with their questions. The current implementation was not built for performance, but we measured the cost of
attaching the carbon allowances to an RFID tag after the tag’s identiﬁer had been read, which was 460 ms. The cost
of claiming carbon allowances was 390 ms. The costs tended to increase according to the number of simultaneous
requests. Nevertheless, our system was designed to handle attachment and claim requests through batch processing.
The number of attachment and claim requests was also bound to the number of RFID tags or barcodes. We could not
ﬁnd diﬀerences between RFID tag and barcode seals except for their prices, where the price of each RFID tag was
relatively more expensive than the price of a can.3
7. Conclusion
The approach proposed in this paper can be proposed to solve serious problems with carbon allowances, oﬀsetting,
and trading. The key idea underlying our approach is to introduce RFID tags (or barcodes) as physical certiﬁcates for
the rights to claim carbon allowances, including carbon emission allowances and caps. When purchasers buy products
with allowances for carbon oﬀsets, they can claim the allowances by returning the RFID tags (or barcodes) coupled
with the allowances to stakeholders, e.g., sellers or agencies, without the need for any complicated authentication. The
approach can treat carbon allowance trading as the trading of RFID tags. The approach was constructed to complement
existing systems of supply chain management and existing systems of carbon allowance trading (or barcodes).
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